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A monoenergetic, isotropic proton source suitable for proton radiography applications has been demonstrated at the National Ignition Facility (NIF). A deuterium and helium-3 gas-filled glass capsule was imploded with 39 kJ of laser energy from 24 of NIF's 192 beams. Spectral, spatial, and temporal measurements of the 15-MeV proton product of the 3 He(d, p) 4 He nuclear reaction reveal a bright (10 10 protons/sphere), monoenergetic (∆E/E = 4%) spectrum with a compact size (80 µm) and isotropic emission (∼13% proton fluence variation and <0.4% mean energy variation). Simultaneous Since the pioneering work near the turn of the century, [1] [2] [3] [4] proton radiography has been used to diagnose mass and electromagnetic field distributions in a variety of lasergenerated plasma configurations. Mono-energetic proton radiography 5, 6 in particular has been used extensively to provide quantitative information on diverse phenomena including laser-foil interactions, 7, 8 magnetic reconnection, 9,10 magnetic flux compression, 11 the Rayleigh-Taylor instability, 12 the Weibel instability, 13 inertial confinement fusion (ICF) implosions, [14] [15] [16] indirect-drive ICF hohlraums, 17,18 and chargedparticle stopping-power in warm dense matter. 19 Commissioning a mono-energetic proton radiography platform at the National Ignition Facility (NIF) 20 would enable leveraging these diagnostic techniques on the larger and more extreme plasmas that can be generated by the NIF's 1.8 MJ laser energy. The precision of this platform depends on generating and characterizing a proton source of suitable properties. Mono-energetic proton sources have been wellcharacterized at the OMEGA laser facility, 21 and generation of protons at the NIF has been demonstrated using all 192 NIF beams. 22 This note reports the spectral, spatial, and temporal measurements of 15 MeV proton emission from a capsule implosion using only 24 beams at the NIF, which leaves 168 beams in reserve to drive a subject target.
The capsule consists of a 3 µm thick, 866 µm diameter SiO 2 spherical shell filled with a 1.74 mg/cm 3 gas mixture of deuterium (D 2 ) and helium-3 (40 at. % 3 He). The capsule was directly driven with 24 beams from 6 of NIF's 48 laser quads, with three quads from each hemisphere. 23, 24 The primary laser pulse (Fig. 1) Explosion of the glass shell in response to the incident laser energy launches a shock inwards, heating the D 3 He gas to multi-keV temperatures (1 keV = 1.16 × 10 7 K), and inducing nuclear production. In particular, the 
produce protons with nominal birth energies of 14.63 MeV and 3.02 MeV, respectively. The D 3 He-proton spectrum emitted from the capsule was measured simultaneously along several directions with multiple wedge-range-filter (WRF) proton spectrometers [26] [27] [28] as well as by the magnetic recoil spectrometer (MRS). 29 The spectra (example in Fig. 2 ) are all well fit by Gaussian distributions. The average fit parameters give an integrated yield of 9.2 ± 0.5 × 10 9 protons (inferred over 4π steradians), a mean energy of 14.981 ± 0.036 MeV, and a sigma of 0.283 ± 0.003 MeV (after subtracting the instrumental broadening of 0.180 MeV). The spectral width is thus very narrow, with full-width at half maximum over mean energy ∆E/E = 4.4% ± 0.1%. The mean energy is upshifted from the nominal value due to a thermal contribution (∼60 keV) and due to charging of the capsule while the laser is on 30 (net 290 keV after any downshift while exiting the capsule).
The standard deviation in the D 3 He proton yield along the different lines of sight was 13% (Fig. 3) ; such yield variations are typical when protons are emitted while the laser is on due to electromagnetic fields in the surrounding plasma.
14, 16 The standard deviation of the mean energy along the different lines of sight is 55 keV, which, within the uncertainty, is consistent with isotropic mean proton energy.
Protons produced by the D(d,p)T reaction (DD-p) were measured along three directions with step-range filter detectors. 31 The weighted average DD-p yield was 2.27 ± 0.06 × 10 10 , with a 4% standard deviation between views. Neutrons produced by the D(d, n) 3 He reaction (DD-n) were measured by several nTOF diagnostics. 32 The observed 2.5 ± 0.25 × 10 10 neutron yield is consistent with the proton measurements and the 5% higher probability of the neutron branch of the DD reaction at a temperature of 11 keV.
The nTOF diagnostics also infer the DD-n burn-averaged ion temperature from the time-broadening of neutron arrival at the detector, giving 10.8 ± 0.8 keV. The D 3 He burn-averaged ion temperature can likewise be estimated from the width of the proton spectrum, 33 giving 13.7 ± 0.3 keV (neglecting other broadening mechanisms). An alternative method of determining ion temperature is the yield ratio method. 33 Using the known 40 at. % 3 He composition gives 12.5 ± 0.5 keV for the D 3 He vs DD-n yield, and 12.7 ± 0.3 keV for the D 3 He vs DD-p yield. The systematic difference between these ion temperatures has been discussed previously 33 and is due in part to the different weighting of the temperature profile by the DD and D 3 He nuclear production. The time of D of 0.96 ± 0.06 ns (Fig. 1) . This value includes consideration of the proton time-of-flight from the source to the detector using the proton spectrum measured on a nearby spectrometer. The temporal emission history of x-rays (hν > 8 keV) was measured with a streaked x-ray diagnostic. 36 The x-ray emission history has a sharp peak at 1.10 ± 0.03 ns on top of a broader pedestal. The sharp peak has a FWHM of 0.18 ± 0.05 ns, and the broader pedestal has a FWHM of about 0.75 ns. Protons are emitted primarily near the time of peak gas temperature, whereas the x-ray emission peaks ∼140 ps later as some of the glass shell enters and cools the hot spot. This relative timing is consistent with earlier observations. 22 The spatial profile of D 3 He proton emission was measured with a variant of the proton penumbral imaging setup fielded previously at the OMEGA laser. [37] [38] [39] In this case, two orthogonal images were obtained simultaneously: one along the polar axis (θ = 0
• ), and one along an equatorial axis (θ = 90
• , ϕ = 78.75 • ). A 2.8 (2.0) mm diameter circular aperture was located 100 (80) mm from the target along the polar (equatorial) axis, giving a geometric magnification of 11× (14×) when imaged onto the 100 × 100 mm square CR-39 26 detectors. The setup was further modified from the previous implementation by the insertion of a 100 ×100 mm square of Fuji™ BAS-MS image plate 40 just behind the CR-39. This enables simultaneous measurement of the x-ray emission profile through the same apertures used for proton imaging. Filtration of the x-rays by 0.025 mm of Zr, 3.0 mm of CR-39, and 0.2 mm of Al passes an x-ray spectral band of 13-17 keV onto the image plates.
Surface brightness reconstructions 37, 41 of the proton and x-ray penumbral images along the polar and equatorial views The dominant noise spatial frequency of ∼25 µm in the proton images is a byproduct of smoothing needed to overcome the relatively lower proton statistics. 37 are shown in Fig. 4 . Proton and x-ray emissions along the polar axis are close to round, with an azimuthally averaged FWHM diameter of 86 ± 22 µm and 79 ± 5 µm, respectively. The relatively lower proton statistics makes the proton emission size more uncertain. Proton and x-ray emissions along the equator are not as round, with the x-ray shape having +18 µm amplitude of Legendre mode P 2 (prolate), and the proton shape showing −20 µm P 2 amplitude (oblate). The spherically averaged sizes in the equatorial direction are 72 ± 16 µm and 90 ± 6 µm for the proton and x-ray emission, respectively. Pinhole images surrounding the main penumbral image confirm the size and shape of the x-ray emitting region. Two-dimensional hydrodynamic simulations indicate that the implosion topology consists of a hot proton-emitting toroidal gas centered by a dense x-ray emitting core, qualitatively consistent with the images seen in Fig. 4 . However, more detailed comparisons require 3-D simulations due to the azimuthal asymmetry of the irradiation pattern.
Upcoming NIF experiments will assess the dependence of performance characteristics such as proton yield and emission source size on various targets and laser parameters such as capsule diameter, drive energy, and drive symmetry.
In summary, an isotropic source of mono-energetic 15 MeV and 3 MeV protons has been extensively characterized with spectral, spatial, and temporal diagnostics at the National Ignition Facility. Only a fraction of NIF's 192 beams is needed to generate this proton source; the remainder is available to drive various subject plasmas for interrogation with the proton radiography technique.
